Introduction
Interleukin 6 (IL-6), a pleiotropic cytokine with osteotropic activities, is produced by multiple cells in the skeletal tissue, including cells of the osteoblast and osteoclast lineage (1, 2) . IL-6 is considered an autocrine or paracrine mediator of bone resorption since it stimulates the development of osteoclasts from precursor cells (2, 3) . IL-6 production in skeletal cells is stimulated by hormones, such as parathyroid hormone and 1,25-dihydroxyvitamin D 3 , and by local cytokines, such as TNF and IL-1 (4-7). IL-6 may be an important intermediary in the effects of these agents on bone resorption, and it appears to mediate the bone loss observed in the estrogen-deficient state (8) . Myeloma cells are a source of IL-6, and thus, this cytokine may also be responsible for the increased bone resorption observed in patients with multiple myeloma (9) (10) (11) .
Although IL-6 appears to play a pivotal role in bone resorption, its mechanism of action is poorly understood. In coculture systems of mouse osteoblasts and bone marrow cells, IL-6 stimulates the formation of multinucleated osteoclast-like cells in the presence but not in the absence of the IL-6 soluble receptor (sIL-6R) 1 (12) . sIL-6R can be generated by proteolytic cleavage of the IL-6 membrane-bound receptor, an 80-kD glycoprotein (gp-80), or by translation of an alternatively spliced RNA (13) (14) (15) . Signal transduction occurs after the binding of IL-6 to gp-80 and the association of the complex with two 130-kD glycoproteins (gp-130). The cytoplasmic domain of gp-80 is not required for IL-6 signaling, and the sIL-6R can mediate IL-6 signals since it retains ligand-binding activity (16) .
sIL-6R has been detected in biological fluids such as plasma, urine, and synovial fluid of healthy humans, and its levels, like those of IL-6, are elevated in conditions of increased bone resorption, such as multiple myeloma and estrogen deficiency (17) (18) (19) . This suggests that not only IL-6 but also its soluble receptor play a role in bone resorption.
In this study, we examined whether IL-6 stimulates IL-6 production in cultures of osteoblast-enriched cells from 22-d fetal rat calvariae (Ob cells). We also postulated that the sIL-6R potentiates this autoregulation. Since IL-6 and sIL-6R levels are increased in conditions of increased bone resorption, IL-6 autoregulation in osteoblasts may be critical for IL-6 paracrine effects on osteoclast development and bone resorption. We determined the mechanisms involved and studied the regulatory elements of the rat IL-6 gene promoter responsible for the stimulatory effects of IL-6 and sIL-6R on IL-6 expression.
Methods
Cell culture. The culture method used was described in detail previously (20, 21). Parietal bones were obtained from 22-d-old fetal rats immediately after the mothers were killed by blunt trauma to the nuchal area. This project was approved by the Animal Care and Use Committee of Saint Francis Hospital and Medical Center. Cells were obtained by five sequential digestions of the parietal bone using bacterial collagenase (CLS II; Worthington Biochemical Corp., Freehold, NJ). Cell populations harvested from the third to fifth digestions were cultured as a pool. These cells were shown previously to express osteoblastic characteristics, including the production of type I collagen, high levels of alkaline phosphatase activity and osteocalcin, and an increase in cAMP after exposure to parathyroid hormone (22) . Ob cells were plated at a density of 8,000-12,000 cells/cm 2 and cultured in a humidified 5% CO 2 incubator at 37 Њ C, maintaining a pH of 7.5. Cells were cultured in DME supplemented with nonessential amino acids (Life Technologies, Grand Island, NY) and 10% FBS (Summit, Fort Collins, CO). For RNA analysis, cells were grown to confluence ( ‫ف‬ 50,000 cells/cm 2 ), transferred to serum-free medium for 20-24 h, and exposed to test agents in serum-free medium for 2-48 h, as indicated in the text and legends. For treatments lasting 48 h, test and control cultures were replaced with fresh solutions after 24 h. For the nuclear run-on experiment, subconfluent cultures of Ob cells were trypsinized, subcultured at 1:10 dilution, and grown to confluence in DME supplemented with 10% FBS. Cells were serum-deprived for 24 h, and treated for 2 or 6 h in serum-free DME. For transient transfections, cells were grown to 70% confluence, transfected in 10% FBS, serum-deprived, and treated. Recombinant human IL-6 and sIL-6R (R & D Systems, Inc., Minneapolis, MN) were dissolved in PBS containing 0.1% BSA; an equal amount of PBS containing BSA was added to control cultures. Cycloheximide (Sigma Chemical Co., St. Louis, MO) was added directly to the culture medium.
Northern blot analysis. Total cellular RNA was isolated with guanidine thiocyanate, at acid pH, followed by phenol-chloroform (Sigma Chemical Co.) extraction, or isolated by RNeasy Kit per manufacturer's instructions (QIAGEN Inc., Chatsworth, CA) (23) . RNA was precipitated with isopropanol, resuspended, and reprecipitated with ethanol. The RNA recovered was quantitated by spectrometry, and equal amounts of RNA from control or test samples were loaded on a formaldehyde agarose gel after denaturation. The gel was stained with ethidium bromide to visualize rRNA, documenting equal RNA loading of the various experimental samples. RNA was then blotted onto GeneScreen Plus charged nylon (DuPont, Wilmington, DE), and the uniformity of transfer was documented by revisualization of rRNA. A 900-bp BamHI/PstI restriction fragment of rat IL-6 cDNA, and a 700-bp BamHI/SphI fragment of a mouse 18S rRNA cDNA clone (both from American Type Culture Collection, Rockville, MD) were purified by agarose gel electrophoresis (24) . IL-6 and 18S rRNA cDNAs were labeled with [ ␣ - P]dCTP (50 Ci each at a specific activity of 3,000 Ci/mmol; DuPont) using the random hexanucleotide primed second-strand synthesis method (25) . Hybridizations were carried out at 42 Њ C for 16-48 h, and posthybridization washes were performed at 65 Њ C in 1 ϫ SSC. The bound radioactive material was visualized by autoradiography on X-AR5 film (Eastman Kodak Co., Rochester, NY), employing Cronex Lightning Plus intensifying screens (DuPont). Relative hybridization levels were determined by densitometry. Northern blot analyses shown are representative of three or more cultures.
Nuclear run-on assay. To examine changes in the rate of transcription, nuclei were isolated by Dounce homogenization in a Tris buffer, pH 7.4, containing 0.5% NP-40 (26) . Nascent transcripts were labeled by incubation of nuclei in a reaction buffer containing 500 M each ATP, CTP, and GTP, 150 U RNasin (Promega Corp., Madison, WI), and 250 Ci [ ␣ -32 P]UTP (3,000 Ci/mmol; DuPont) (27) . RNA was isolated by treatment with DNase I and proteinase K, followed by phenol-chloroform extraction and ethanol precipitation. Linearized plasmid DNA containing ‫ف‬ 1 g cDNA was immobilized onto GeneScreen Plus by slot blotting according to manufacturer's directions (DuPont). The plasmid vector pGL2-Basic (Promega Corp.) was used as a control for nonspecific hybridization, and a mouse 18S rRNA cDNA clone was used to estimate uniformity of the loading. Equal counts per minute of 32 P-RNA from each sample were hybridized to cDNAs at 42 Њ C for 72 h and washed in 1 ϫ SSC at 65 Њ C for 20 min. Hybridized cDNAs were visualized by autoradiography, and IL-6 hybridization levels were determined by densitometry.
Transient transfections. To determine changes in promoter activity, chimeric constructs of the 5 Ј flanking region of the IL-6 promoter and the luciferase reporter gene (kindly provided by Dr. G. Fey, Friedrich-Alexander Universität, Erlangen, Germany) were tested (28). Ob cells were cultured to ‫ف‬ 70% confluence and transiently transfected by calcium phosphate-DNA coprecipitation as described (29) . A construct containing the cytomegalovirus (CMV) promoterdriven ␤ -galactosidase gene (Clontech, Palo Alto, CA) was used to control for transfection efficiency. After 4 h, cells were exposed for 3 min to 10% glycerol. Ob cells were allowed to recover in serum-containing DME for 24 h, serum-deprived for 20-24 h, and exposed to control or test medium for 6-24 h as described in text and legends. Cells were washed with PBS and harvested in reporter lysis buffer (Promega Corp.). Luciferase activity was measured using a luciferase assay kit (Promega Corp.), and ␤ -galactosidase activity was measured using Galacton reagent (Tropix, Inc., Bedford, MA), both in accordance with manufacturer's instructions. Luciferase activity was corrected for ␤ -galactosidase activity, and data were expressed as treated/ control ratios. Data are presented as means Ϯ SEM. Statistical differences were determined by ANOVA and post hoc examination by Ryan-Einot-Gabriel-Welsh F test (30, 31) .
Site-directed mutagenesis. Site-directed mutagenesis was performed using the method of gene splicing by overlap extension or by using the Morph Mutagenesis Kit (5 Prime → 3 Prime, Inc., Boulder, CO) (32) . The Morph Mutagenesis Kit was used in accordance with manufacturer's instructions to create targeted mutations of the multiple response element (MRE)/cAMP responsive element (CRE) and of the nuclear factor for IL-6 (NF-IL-6), alone or in combination (Fig. 1) . Gene splicing by overlap extension was used to create mutations of the nuclear factor-B (NF-B), alone or in combination with NF-IL-6 (double mutation) or with MRE/CRE and NF-IL-6 (triple mutation). For this purpose, wild-type and mutant constructs were generated by PCR using a 5 Ј primer containing a SacI restriction site on the 5 Ј end and the sequence corresponding to bp Ϫ 257 to Ϫ 249 of the rat IL-6 promoter (5 Ј -AGGCGAGCTCAAAGAAAGA-3 Ј ), in the presence of a 3 Ј primer corresponding to bp ϩ 6 to ϩ 20 of the rat IL-6 gene that included an XhoI restriction site on the 3 Ј end (5 Ј -CCGCTCGAGA-CAGAATGA-3 Ј ). A chimeric construct containing bp Ϫ 257 to ϩ 20 of the IL-6 promoter was used as a template. Mutant sense and antisense primers, used to synthesize the intermediate products, contained nucleotide sequences corresponding to the known consensus sequences of the binding sites with two or three altered bases, creating the desired targeted mutations (Fig. 1) . Targeted multiple mutations of NF-IL-6 and NF-B (double mutation) or MRE/CRE, NF-IL-6, and NF-B (triple mutation) were generated by PCR using mutant sense and antisense primers for NF-B in the presence of the NF-IL-6 or MRE/CRE and NF-IL-6 mutated constructs as a template. Newly synthesized wild-type and target-mutated IL-6 promoter fragments were cloned into pGL-3 Basic (Promega Corp.) containing a luciferase reporter gene. Sequences of the wild-type and mutated constructs generated by either the Morph Mutagenesis Kit or PCR were confirmed by DNA sequence analysis using the Sequenase Version 2.0 DNA sequencing kit (United States Biochemical Corp., Cleveland, OH).
Results
Northern blot analysis of total RNA from serum-deprived confluent Ob cells revealed limited expression of a 1.2-and a 2.4-kb IL-6 transcript. IL-6 by itself did not induce IL-6 transcripts, but in the presence of sIL-6R, IL-6 caused a time-and dose-dependent stimulation of IL-6 mRNA levels (Figs. 2 and  3 ). IL-6 at 100 ng/ml in the presence of sIL-6R at 125 ng/ml induced IL-6 mRNA levels after 2 h; the effect was maximal after 6 h, and was sustained for 24-48 h (Fig. 2) . In the presence of sIL-6R, the effect of IL-6 was observed at concentrations of 1-300 ng/ml (Fig. 3) . sIL-6R at 31-250 ng/ml also caused a dosedependent induction of IL-6 mRNA, and this effect was observed in the presence and absence of IL-6 at 100 ng/ml (Fig.  4) . To determine whether the autoregulation of IL-6 was dependent on protein synthesis, Ob cells were treated for 6 h with IL-6 at 100 and sIL-6R at 125 ng/ml in the presence or absence of the protein synthesis inhibitor cycloheximide at 3.6 M. Cycloheximide superinduced IL-6 mRNA levels and did not prevent the effect of IL-6 and sIL-6R (Fig. 5) .
To analyze the mechanisms involved in the autoregulation of IL-6, we examined the effects of IL-6 and sIL-6R on the rate of transcription of the IL-6 gene by a nuclear run-on assay performed on nuclei from Ob cells exposed to control medium or to IL-6 at 100 and sIL-6R at 50 ng/ml for 2 and 6 h. After 6 h, IL-6 in the presence of sIL-6R increased IL-6 transcription rates 2-2.5-fold, demonstrating a transcriptional effect (Fig. 6) .
To confirm that IL-6 autoregulation occurs by transcriptional mechanisms, and to define gene elements responsible for the effect, Ob cells were transfected transiently with chimeric constructs containing fragments of the IL-6 promoter linked to the reporter gene luciferase. The effects of IL-6 at 100 and sIL-6R at 125 ng/ml alone or in combination were tested for 6-24 h on a bp Ϫ 2906 to ϩ 20 fragment of the rat IL-6 promoter. IL-6 or sIL-6R alone caused a small, for the most part not statistically significant, stimulatory effect on promoter activity (Fig. 7) . However, IL-6 at 100 ng/ml, in the presence of sIL-6R at 125 ng/ml, caused an eightfold increase in promoter activity after 6 h, and a 13-16-fold stimulation after 16 and 24 h (Figs. 7 and 8) . To characterize the regulatory elements involved, 5 Ј deletion constructs of the IL-6 promoter ranging from bp Ϫ 2906 to ϩ 20 to bp Ϫ 34 to ϩ 20 were tested in six different experiments. 5 Ј deletions from bp Ϫ 2906 to Ϫ 257 of the IL-6 promoter resulted in a decrease in the basal activity of the IL-6 promoter (not shown), but did not preclude the response to IL-6 in the presence of sIL-6R. IL-6 with sIL-6R induced the bp Ϫ 276 to ϩ 20 and the bp Ϫ 257 to ϩ 20 of the IL-6 promoter construct by 11-and 8-fold, respectively. In individual experiments, we were unable to detect consistent differences in the response of these two constructs. Deletion to bp Ϫ 154 and to bp Ϫ105 resulted in a partial loss of the stimulatory effect of IL-6 and its soluble receptor, and together they increased the activity of the two constructs five-to sixfold (Fig.  8) . The basal activity of the bp Ϫ34 to ϩ20 IL-6 promoter fragment was decreased dramatically (not shown), and IL-6, with sIL-6R, did not modify the activity of this construct. These results suggest that MRE/CRE, NF-IL-6, and NF-B binding sites contained in the bp Ϫ257 to ϩ20 region of the IL-6 gene are potentially necessary for the response to IL-6 and sIL-6R.
To define the elements responsible for the autoregulation of IL-6, a bp Ϫ257 to ϩ20 fragment of the IL-6 promoter was cloned into pGL-3 Basic, and targeted mutations of the known consensus sequences of MRE/CRE, NF-IL-6, and NF-B binding sites were made singly or in combination and tested in two separate experiments, which revealed analogous results. In the experiment shown in Fig. 9 , IL-6 and sIL-6R increased the activity of the bp Ϫ257 to ϩ20 wild-type IL-6 construct sixfold. Targeted single mutations of NF-IL-6, NF-B, or MRE/ CRE binding sites resulted in a decrease in the response to IL-6 and its soluble receptor (all P Ͻ 0.05 vs. wild-type). The combined NF-IL-6 and NF-B or MRE/CRE and NF-IL-6 mutations resulted in a comparable decrease in the response to IL-6 Figure 6 . Effect of IL-6 at 100 ng/ml in the presence of sIL-6R (SR) at 50 ng/ml on IL-6 transcription rates in cultures of Ob cells treated for 2 and 6 h. Nascent transcripts from control (Ϫ) or IL-6-and sIL-6R (ϩ)-treated cultures were labeled in vitro with [␣-32 P]UTP, and the labeled RNA was hybridized to immobilized cDNA for IL-6. 18S rRNA cDNA was used to demonstrate loading, and pGL2-Basic vector DNA was used as a control for nonspecific hybridization. Figure 7 . Effect of IL-6 at 100 and sIL-6R (SR) at 125 ng/ml, singly and in combination, on IL-6 promoter activity in transiently transfected Ob cells. Ob cells were transfected with 35 g DNA of a chimeric construct containing the rat IL-6 promoter sequence of bp Ϫ2906 to ϩ20 linked to a luciferase reporter gene by calcium phosphate-DNA coprecipitation. To control for transfection efficiency, 10 g of a CMV-␤-galactosidase expression vector was cotransfected. 24 h after transfection, Ob cells were serum-deprived for 20-24 h and exposed to IL-6 or sIL-6R singly and in combination for the indicated periods of time. Cells were harvested, and luciferase activity was determined, corrected for ␤-galactosidase activity, and expressed as treated/control ratios for each individual time period studied. Values are meansϮSEM of 18-24 observations pooled from four independent experiments; SEM not shown were too small to be depicted. *Significantly different from control (P Ͻ 0.05). Figure 8 . Effect of IL-6 at 100 ng/ml, in the presence of sIL-6R (SR) at 125 ng/ml, on IL-6 promoter activity in transiently transfected Ob cells. Ob cells were transfected with 35 g DNA of chimeric constructs containing fragments of the IL-6 promoter linked to a luciferase reporter gene by calcium phosphate-DNA coprecipitation. The 5Ј deletion endpoints of the IL-6 promoter are indicated (bottom). To control for transfection efficiency, 10 g of a CMV-␤-galactosidase expression vector was cotransfected. 24 h after transfection, Ob cells were serum-deprived for 20-24 h and exposed to IL-6 in the presence of sIL-6R for 16 h. Cells were harvested and analyzed, and luciferase activity was determined, corrected for ␤-galactosidase activity, and expressed as treated/control ratios for each construct tested. Values are meansϮSEM of 22-33 observations, pooled from six independent experiments; SEM not shown were too small to be depicted. *Significantly different from respective control (P Ͻ 0.05). (Bottom) Putative cis-regulatory elements of the rat IL-6 promoter with their approximate locations relative to the major start site. Bars, 5Ј deletion points of the truncated constructs used. and sIL-6R, which was more pronounced than the decrease observed with single mutations (P Ͻ 0.05). The triple mutation of MRE/CRE, NF-IL-6, and NF-B resulted in a total loss of the IL-6 promoter response to IL-6 and sIL-6R (P Ͻ 0.05 vs. wild-type, and all constructs with single or double mutations).
Discussion
In these studies, we have demonstrated that IL-6 in the presence of its soluble receptor induces IL-6 mRNA in Ob cells. Although IL-6 has been shown to induce IL-6 mRNA in the osteoblastic cells MC3T3-E1, the effect was small and only detected by reverse transcription-PCR (33) . The lack of an IL-6 effect when tested alone is probably due to the low level of expression of the membrane-bound IL-6 receptor in Ob cells or due to receptor downregulation. IL-6 binds an 80-kD surface glycoprotein, and the IL-6/surface receptor complex associates with gp-130 molecules, which activate the JAK/STAT signal transduction pathway (34) . A soluble form of the IL-6 receptor is present in human and mouse serum and was found to enhance the effects of IL-6 in various cell types, including osteoclasts (12, 17, 35) . Similarly, we showed that the effects of IL-6 on IL-6 transcripts in Ob cells were observed in the presence of its soluble receptor. Moreover, increasing concentrations of sIL-6R induced IL-6 transcripts in the absence of exogenous IL-6, suggesting that endogenous IL-6 is produced in sufficient amounts to induce its own synthesis in the presence of its soluble receptor.
The sIL-6R is a 55-kD protein generated by proteolytic cleavage of the membrane-bound receptor at a site adjacent to the transmembrane domain, or by translation of an alternatively spliced RNA (13-15, 36, 37) . The sIL-6R binds IL-6 with similar affinity as the membrane-bound receptor, and the complex can elicit IL-6 signaling in cells that do not express cell surface-associated receptor, provided that they express gp-130 (14) . This indicates that the sIL-6R is sufficient to mediate IL-6 action. sIL-6R can be measured in human serum, and elevated levels are associated with conditions of increased bone resorption, such as multiple myeloma or estrogen deficiency (18, 19) . However, it is not known whether or not osteoblasts or other cells present in the bone environment produce sIL-6R. The concentrations of sIL-6R used in these studies are similar to those found in serum, suggesting that the amplification of the IL-6 effect by its soluble receptor is physiologically or pathologically relevant.
To study the mechanisms of IL-6 stimulation of its own synthesis, we tested the effect of the protein synthesis inhibitor cycloheximide. As previously described, cycloheximide superinduced IL-6 transcripts, suggesting stabilization of IL-6 mRNA (38) . In the presence of cycloheximide, IL-6 and sIL-6R had an additive effect on IL-6 mRNA levels, demonstrating that IL-6 autoregulation is not protein synthesis dependent. In addition, we have shown that the autoregulation of IL-6 occurs at the transcriptional level, since IL-6 in the presence of sIL-6R enhanced IL-6 rates of transcription and promoter activity. Using 5Ј deletion constructs, we demonstrated that a bp Ϫ257 to ϩ20 fragment of the IL-6 promoter is responsive to IL-6 and sIL-6R. The Ϫ257 to ϩ 20 region of the IL-6 gene contains important sequences, including MRE/CRE, NF-IL-6, and NF-B binding sites, and these sequences are essential for the response of IL-6 to IL-1 and TNF-␣ (39, 40) . In hepatocytes, IL-6 increases NF-IL-6 mRNA levels and NF-IL-6 binding activity (40, 41) . In this study, we demonstrated that an NF-IL-6 binding site is necessary for the response of the IL-6 promoter to IL-6, but mutation of the NF-IL-6 binding site was not sufficient to abolish the response to IL-6. Even though experiments using 5Ј deletion constructs indicated that MRE/CRE or NF-B binding sites are involved in the response to IL-6 and its soluble receptor, single targeted mutations of MRE/CRE or NF-B did not abrogate the response of the IL-6 promoter. When NF- Figure 9 . Effect of IL-6 at 100 ng/ml, in the presence of sIL-6R (SR) at 125 ng/ml, on IL-6 promoter activity in transiently transfected Ob cells. Ob cells were transfected with 35 g of a chimeric construct containing a bp Ϫ257 to ϩ20 fragment of the IL-6 promoter, with or without mutations of MRE, NF-IL-6, and NF-B alone or mutations of the combinations MRE and NF-IL-6, NF-IL-6 and NF-B, and MRE, NF-IL-6, and NF-B. Constructs were linked to a luciferase reporter gene and transfected by calcium phosphate-DNA coprecipitation. To control for transfection efficiency, 10 g of a CMV-␤-galactosidase expression vector was cotransfected. 24 h after transfection, Ob cells were serum-deprived for 20-24 h and exposed to IL-6 in the presence of sIL-6R for 16 h. Cells were harvested, and luciferase activity was determined, corrected for ␤-galactosidase activity, and expressed as treated/ control ratios for each construct tested. Values are meansϮSEM of six observations. *Significantly different from control (P Ͻ 0.05).
IL-6 and NF-B binding sites were mutated in combination, the response of the IL-6 promoter to IL-6 and sIL-6R was decreased further, and when all three binding sites were mutated, no response to IL-6 and sIL-6R was observed. These results indicate that MRE/CRE, NF-IL-6, and NF-B could operate synergistically, an observation supported by previous work demonstrating that both NF-IL-6 and NF-B binding sites are required for the regulation of immune and acute-phase response genes such as the IL-6 gene (42) . Similar to our results, prostaglandin and cAMP activation of the IL-6 gene require MRE, NF-IL-6, and NF-B binding sites as well as an activation protein-1 (AP-1) binding site (43) . In this study, we were unable to detect consistent differences in the response of the bp Ϫ276 to ϩ20 and bp Ϫ257 to ϩ20 construct to IL-6 and sIL-6R, indicating that the AP-1 site located at bp Ϫ263 to Ϫ269 of the IL-6 promoter probably does not play a central role in the autoregulation of IL-6 in osteoblasts. Additional regulatory binding sites upstream of bp Ϫ276 may be required for the IL-6 promoter response to IL-6 and sIL-6R, since deletions from bp Ϫ2906 to Ϫ276 resulted in a decrease in the response to IL-6 and sIL-6R.
In conclusion, IL-6 synthesis is autoinduced in osteoblastic cells by transcriptional mechanisms, an effect that requires the presence of sIL-6R. IL-6 autoregulation may play a central role in the effects of IL-6 on bone resorption.
